Finger millet [Eleusine coracana (L.) Gaertn.] is grown mainly by subsistence farmers in arid and semiarid regions of the world. To broaden its genetic base and to boost its production, it is of paramount importance to characterize and genotype the diverse gene pool of this important food and nutritional security crop. However, as a result of nonavailability of the genome sequence of finger millet, the progress could not be made in realizing the molecular basis of unique qualities of the crop. In the present investigation, attempts have been made to characterize the genetically diverse collection of 113 finger millet accessions through whole-genome genotyping-by-sequencing (GBS), which resulted in a genome-wide set of 23,000 single-nucleotide polymorphisms (SNPs) segregating across the entire collection and several thousand SNPs segregating within every accession. A model-based population structure analysis reveals the presence of three subpopulations among the finger millet accessions, which are in parallel with the results of phylogenetic analysis. The observed population structure is consistent with the hypothesis that finger millet was domesticated first in Africa, and from there it was introduced to India some 3000 yr ago. A total of 1128 gene ontology (GO) terms were assigned to SNP-carrying genes for three main categories: biological process, cellular component, and molecular function. Facilitated access to high-throughput genotyping and sequencing technologies are likely to improve the breeding process in developing countries, and as such, this data will be very useful to breeders who are working for the genetic improvement of finger millet.
T
he genus Eleusine comprises 10 annual or perennial grasses growing commonly in the warm regions of the old world particularly in South Asia and eastern and central Africa. Finger millet (2n = 4x = 36), subsp. coracana, belongs to the family Poaceae, genus Eleusine in the tribe Eragrostideae. It is believed that Ethiopia or a neighboring region (Uganda) is the center of origin of finger millet, but in India, it was introduced probably over 3000 yr ago. The crop is grown mainly by subsistence farmers and serves as a food security crop because of high nutritional value and excellent storage qualities (Dida et al., 2007) . Calcium content in Finger millet grains apparently can be 5 to 30 times more than in most cereals. Grain calcium contents as high as 450 mg 100 g −1 seed has also been reported by (Panwar et al. 2010) . It is also a good source of essential amino acids and other micronutrients such as Zn, Cr, Cu, Mg etc. Wider adaptability (Upadhayay et al., 2007) , higher nutritional quality (Gopalan et al., 2002) , higher multiplication rate and longer shelf life under ambient conditions (Iyengar et al., 1945) makes finger millet an efficient resource in times of famine. The millet is also recognized for its health benefits such as hypoglycemic, hypocholestromic and antiulcerative characteristics (Chethan and Malleshi, 2007) . Further, the crop is productive in wide range of environments and growing conditions: from Karnataka in India, to foothills and middle hills of Himalayas in India and Nepal, and throughout the middle-elevation areas of eastern and southern Africa.
Being a subsistence and orphan crop, finger millet has been by and large neglected by mainstream research. One way to increase production and productivity and enhance acceptability is to assemble diverse germplasm resources, characterize them to identify agronomically important traits, and use them to breed superior varieties. The application of modern genomic methods to these minor crops holds the potential to increase food security and independence among many of the world's poorest Nelson et al., 2004) . Until recently, only major commercial crops have benefited from the application of next-generation sequencing and high-throughput tools of molecular biology. However, the applications of such high-throughput technologies to assay molecular markers and transcript sequences, gene space, genome structural variation, or even genome sequences is now feasible even in crops like finger millet, which is still considered as subsistence crop. The low sequencing cost has motivated Elshire et al., (2011) to develop a robust, cost-effective, highly multiplexed sequencing technology known as GBS, which is likely to replace high-density marker genotyping. Genotypingby-sequencing enables the analysis of a large number of SNPs in studies of genetic variation in a in a diverse range of species. Single-nucleotide polymorphisms are highly preferred in plant genetic and genome analyses because of their excellent genetic attributes such as wide genomic distribution, codominant inheritance, high reproducibility, and chromosome-specific location (Brookes, 1999; Cho et al., 1999; Gupta et al., 2001; Sachidanandam et al., 2001; Rafalski, 2002; Gupta and Rustgi, 2004) . Being a crop with narrow genetic base, these SNPs identified through GBS would help in marker-assisted genetic enhancement of finger millet. High-throughput genotyping and sequencing technologies is expected to enhance breeding progress in developing countries in at least three ways: first through high-resolution germplasm fingerprinting by low coverage sequencing or SNP genotyping will facilitate selection of parents for new crosses and introgression of novel alleles from exotic germplasm; second, by accurate mapping of loci associated with traits of interest using either bi-or multiparental mapping or genome-wide association studies methodology will enhance identification of marker-trait associations of interest to the breeders; and third, high-throughput genotyping or sequencing approaches will enable genome-assisted breeding, even for orphan crops.
Finger millet germplasm pool remains largely uncharacterized, which is a major constraint to find genetically diverse germplasm with beneficial traits for use in breeding programs and has not been broadly investigated for the purpose of understanding diversity, taxonomic relations, and evolution of the crop. Traditionally, diversity studies and interrelationship in finger millet have been undertaken using morphological, cytogenetical traits, and methods of numerical taxonomy. As such, these studies have been of limited help to finger millet improvement program. Through intensive genetic and genomic research, diverse alleles could be channelized in breeding program to enhance productivity of finger millet and also to make it more competitive even in changing climatic condition regimes in the future.
In the present investigation, an effort has been made to study the genetic makeup of diverse world finger millet collection and population structure analysis of 113 finger millet accessions using GBS.
Materials and Methods

Seed Material
Out of 113 genotypes, 56 (IE numbers) belong to the ICRISAT mini-core collection, 23 (GE numbers) belong to All India Coordinated Small Millets Improvement project core collection, 16 represent VHC lines and are landraces of finger millet traditionally grown in the northwestern Himalayan (adjoining Nepal) region, and 18 genotypes are improved varieties including white grain types of Indian National Agricultural Research System. The geographical distribution of 113 genotypes of finger millet is represented in Fig. 1 . The passport data for all the samples including their country of origin is given in Supplemental File S1.
DNA Extraction and Quantification
Seedlings were grown in a greenhouse, and young leaves were harvested for DNA isolation. DNA was extracted using the standard CTAB method (Murray and Thompson, 1980) . After extraction, the quality of DNA was checked on 0.8% agarose gel. Lambda Hind III DNA was loaded as control to check the quality and quantity of DNA. Each genomic DNA sample was run for a restriction digestion test using a restriction enzyme to make sure that the enzymes are able to cut the genomic DNA without any inhibition. This helps in ascertaining the purity and quality of genomic DNA for restriction-siteassociated DNA sequencing library preparation. DNA was then quantified using the Nanodrop Spectrophotometer 1000 (Thermo Fisher Scientific).
Genotyping-by-Sequencing
DNA samples were normalized to a final concentration of 5 µg for GBS. Lyophilized DNA samples were sent to NXGenBio Life Sciences, New Delhi, for GBS. Libraries were prepared with ApeKI restriction enzyme for genomic DNA digestion. Final libraries were sequenced using Illumina True Seq version 3 paired-end sequencing chemistry with read lengths of 100 bp on HiSEQ 2000 Platform. Single-lane sequencing with read length of 100 bp was used. Library preparation details are given in Supplemental File S2.
Single-Nucleotide Polymorphism Calling and Filtering
The genomic information of finger millet is not yet available, therefore SNPs were identified through the TAS-SEL-GBS pipeline. The TASSEL UNEAK variant pipeline (Lu et al., 2013) in Tassel version 3.0 standalone was used to align sequencing tags for SNP calling. The raw FASTQ file was filtered for reads that perfectly matched one of the barcodes and the expected four-base remnant of the enzyme cut site. These reads were sorted into separate files according to their barcode, with the barcode removed and the remainder of the sequence trimmed to 64 bases. Reads with a minimum Q-score of 10 and that occurred at least twice were kept. The SNPs were subjected to only one kind of filter, that is, minimum allele frequency (MAF) ³0.08 (20% MAF). The SNPs having ³0.08 MAF were 2977. The key files and scripts used for calling SNPs are given in Supplemental File S3. A workstation with 250 GB of RAM with 32-core Intel Xeon processor was used for all the bioinformatics work and consequent analyses. The GBS data was obtained in the form of a hapmap file format. Raw FASTQ data is available from the sequence-read archive (http://www.ncbi. nlm.nih.gov/sra), accession SRX1496248.
Population Structure Analysis
The program Structure is a software package, which is freely available for multilocus genotype data to investigate population structure. The population structure analysis was done using Structure software in which the number of clusters varied from 1,000 to 10,000. The hap map file was first converted to variant call format file using the export function of TASSEL software, which was then converted to Structure input file by PGD Spider V.2.0.8.2 software, an automated data conversion tool for connecting population genetics and genomics programs. In this method, it was assumed that a number of subpopulations might exist in the genotypes analyzed. Each accession can have membership in different subpopulations (Admixture model; ALPHAPROPSD = 0.20).
Phylogenetic Analysis
The phylogenetic analysis for the samples was performed with the help of graphical user interface of TASSEL V. 3.0 standalone. Using this, unrooted trees were formed with node name.
Multidimensional Scaling
The purpose of multidimensional scaling (MDS), in this case, is to provide a visual representation of the pattern of proximities (i.e., similarities or distances) among a set of objects or the mean of the MDS is to visualize the level of similarity of individual cases of a dataset. The SNP dataset were first converted to distance matrices through TASSEL software (Bradbury et al., 2007) and then these distance matrices were used to perform MDS by using SPSS V. 19 statistical software (IBM Corp., 2010) .
Functional Annotation of Single-Nucleotide Polymorphisms
For determining the putative functions of SNPs, the hap map file containing flanking sequences for each of the filtered SNPs was taken. A local BLAST server was set up wherein the latest version of Plant RefSeq (reference sequence) database is available. The flanking sequences of each of the SNPs were subjected to local BLAST against Plant RefSeq database. The standalone BLAST was set up with multithreading mode on 32 cores with 256 GB of RAM on the server. After the BLAST result was obtained, which contained Gene IDs of the corresponding organisms, the resulting data was collated and combined together. Gene ontology IDs were calculated for these gene IDs based on their search on GO database and the resulting single or multiple GO IDs were assigned to each one of these SNPs.
Results
High-Throughput Genotyping of Finger Millet Accessions
Genotyping-by-sequencing analysis was performed on 113 genotypes, which were comprised of a set of 56 minicore accessions from ICRISAT and 57 accessions from different regions of the world. ApeKI restriction enzyme was used for preparing the library because it is methylation sensitive (does not cut in the major repetitive fraction of the genome) and produces overhangs (sticky ends). Single-nucleotide polymorphisms were called using the TASSEL GBS pipeline (Glaubitz et al., 2014) . Reads were aligned using the TASSEL UNEAK pipeline in absence of a reference genome. UNEAK commands are run as TAS-SEL plugins via the command line in the following format (Linux or Mac operating systems). A total of 160 million raw reads were generated out of which, after filtering 150 million single-end 100-bp reads, were input directly into UNEAK pipeline (Fig. 2) . The genome coverage depth by Table 1 . The SNP having maximum frequency of occurrence is A/C and the SNP having minimum frequency of occurrence is G/C. A total of 385,945 heterozygous and 2,999,053 homozygous SNPs were identified among the accessions. The details of number of heterozygous and homozygous SNPs per accession are mentioned in Table 2 and 3 (Fig. 3, 4 ).
Phylogenetic Analysis
In the present study, the genetic diversity analysis was done among the global collection of 113 finger millet genotypes. The dendrogram was generated through neighbor-joining method of TASSEL software. The genotypes were grouped into three major clusters (A, B and C) (Fig. 5) . Cluster A (the major cluster) broadly consisted of all the Indian genotypes, whereas Clusters B and C were comprised of exotic genotypes. Cluster A was comprised of 68 finger millet genotypes, in which 38 genotypes were from India. Cluster A was further categorized into two subclusters: A1 and A2. Of the seven accessions grouped in subcluster A1, four accessions were from southern Asia (India, Maldives, and Nepal) and three accessions from eastern Africa. Cluster A2 was, however, bigger with predominance of genotypes from southern Asia (42), followed by genotypes from eastern Africa (15), western Africa (1), and Europe (1). The geographical data of remaining two genotypes (IE3618 and GE3112) is not available. Cluster A2 was further divided into two subclusters: A2a and A2b. It appears that the accessions from southern Asia (India, Nepal, and Maldives) clustered in A2a with eastern Africa accessions sharing somewhat common ancestry probably in the past by chance or intentional hybridization followed by selection and material exchange between the countries. Clustering in A2b consisted of various smaller subclusters, and these, as a whole, represented most of the genotypes from southern Asia (25) and a few from eastern Africa (9). Cluster A2b was further subdivided into A2b1 and A2b2. Cluster A2b1 consisted of seven southern Asia genotypes and only two accessions from eastern Africa. Cluster A2b2 is comprised of 18 genotypes from southern Asia and seven from eastern Africa. Cluster B included 22 accessions from southern Asia, 14 accessions from eastern Africa, and one accession (GE2073) of unknown origin. Cluster C had eight genotypes in total, out of which six genotypes were from southern Asia and only two were from eastern Africa. The unrooted phylogenetic web for the entire collection is shown in Fig. 6 .
Population Structure Analysis
The population structure was analyzed using the Structure version 2.3.4. The program Structure is a popular model-based program using Markov chain Monte Carlo within a Bayesian framework described by Pritchard et al. (2000) and Falush et al. (2003) . The software was used to identify subpopulations (subsets of the sample with distinct allele frequencies) within the collection of genotypes and to assign individuals (probabilistically) to subpopulations. Since the ancestry of the genotypes was not known a priori, admixture model was used to infer ancestry, which allows for hybrids and is more flexible and often provides a better fit for complicated structure. The number of subpopulations (K) was set from 1 to 10 and three runs for each K-value were performed. For each run, a burn in of 5000 iterations was followed by an additional 50,000 replications. To choose the best K-value, an ad hoc statistic, DK, based on the rate of change in the log probability of data between successive K-values, was used as described by Evanno et al. (2005) . The maximum DK-value was observed for K = 3 (Fig. 7) . The inferred ancestry at K = 3 suggested that the finger millet genotypes were grouped into three subpopulations. As expected, there was good correspondence between the geographic pattern observed in the phylogenetic tree and the population structure identified using Structure software. Although the population groups corresponded largely to geographic origins, there were some prominent exceptions. The results of Structure showed that the three subpopulations had an admixture of alleles. Figure 8 displays the bar plot obtained after Structure analysis depicting the three subpopulations.
Subpopulation 1 had accessions from both southern Asia and eastern Africa with predominance of the former. It consisted of 32 southern Asia, 13 eastern Africa, one from Europe, and two genotypes (IE3618 and GE3112) of unknown origin. Some of the genotypes, however, showed admixture ranging from 10 to 55%. Among these was mostly eastern Africa accessions, which had an admixture of alleles from Subpopulation 2 and Subpopulation 3. Subpopulation 2 had 24 genotypes from southern Asia (India, Nepal, and Maldives), 12 genotypes were from eastern Africa, and one genotype from western Africa. Subpopulation 3 had 18 genotypes from southern Asia, three genotypes from eastern Africa, and one genotype of unknown origin (GE2073). Structure bar plots depict the estimated membership of each genotype in each of the populations (K = 1-10), where the admixtures could easily be identified, which can explain the grouping pattern better. The mean value of a was 0.3980, and the ancestry-inferred cluster proportions of the membership of the samples were 0.383, 0.298, and 0.319. The average distances (expected heterozygosity) between individuals in the same cluster were 0.4184, 0.4240, and 0.4164.
Multidimensional Scaling: A Confirmation of Population Structure
Multidimensional scaling was performed on our dataset to validate the population structure. Multidimensional scaling is one of the several multivariate techniques that aim to reveal the structure of a dataset by plotting points in one or two dimensions. It is extremely similar to principal components analysis (PCA), with the main difference being that for MDS the raw SNP scores are first converted into a matrix of distances between all the samples. This conversion is necessary because PCA does not function on datasets where some elements are missing, and the stochastic nature of GBS ensures that essentially every dataset will have at least some missing data and frequently quite a bit (Wallace et al., 2015) . The MDS plot (Fig. 9) shows a clear separation of the accessions into three subpopulations, thus confirming population structure and the clustering pattern observed in phylogenetic analysis.
Functional Annotation of Single-Nucleotide Polymorphisms
The functional annotation of genes with SNPs showed their maximum correspondence to uncharacterized and unknown proteins (61.9%) followed by proteins involved in growth, metabolism, and development (15.17%); other proteins (9.42%); and hypothetical proteins (7.6%) with a minimum correspondence to genes encoding signaling enzymes (1.46%) and transcription factors (0.43%) (Fig.  10) . Furthermore, the GO terms were assigned to finger millet SNP-carrying genes, which showed similarity with sorghum [Sorghum bicolor (L.) Moench], foxtail millet [Setaria italica (L.) P. Beauv. subsp. italic], and rice (Oryza sativa L.) proteins annotated in GO terms. A total of 1128 GO terms were collected that were most frequently related to biological processes (589) followed by molecular function (405) and cellular components (134). Among the various biological processes ignoring unknown and other biological process categories, maximum number of genes corresponded to cellular process (44.8%) and metabolic process (43.2%). Cell (59.1%) and cell part (58.9%) were most represented among the cellular component categories. Similarly, binding (52.8%) and catalytic (45.1%) activities were highly represented among the various molecular functions. The genes involved in other important biological processes, such as response to stimulus, reproductive process, cell death, developmental and immune system process, were also identified through GO annotations (Fig. 11) .
Discussion
An adequate knowledge of existing genetic diversity and how to use it in the best way is of great importance to a breeder for efficient management of crop genetic resources. Genetic diversity can be analyzed using morphological, biochemical, and molecular methods. Considering the limitations of the above methods, recently, next-generation sequencing technologies such as GBS are being used to generate whole-genome sequences for a wide range of crop species. Precise phenotyping of agronomically important traits in combination with genotyping would provide a powerful and rapid tool for identifying the genetic basis of agriculturally important traits and will also be helpful in predicting the breeding value of individuals in a breeding population. The low cost feature of GBS has now made it possible to carry out a number of genetic analysis that were previously very expensive and not affordable for a neglected and underutilized crop like finger millet. The GBS opens the way to a large number of analyses that depends on highthroughput genotyping and sequencing such as germplasm fingerprinting, genome-wide association studies, diversity analysis, QTL mapping, and genomic selection. The cluster analysis based on geographical distribution of genotypes was in agreement with the results of population structure and showed the existence of three major clusters. However, the dendrogram did not classify genotypes unequivocally on the basis of country of origin as the same was also noticed earlier in sorghum (Smith et Fig. 7 . Identification of the appropriate subpopulation number (K): Subpopulation number (K) against delta K and the maximum K-value observed at K = 3. Graphical detection of the most likely number of distinct model clusters (K) in a genetic sample of the finger millet. Variation in mean (±SD) LnP(K) (a measure of the posterior probability of data for a value of K) over five independent runs for each value of K. Each run used an admixture model with correlated allele frequencies that was run using a burn-in period of 5000 and then for 50,000 Monte Carlo Markov Chain (MCMC) steps. Agrama and Tuinstra, 2003; Folkertsma et al., 2005) , wheat (Triticum aestivum L.) (Holton et al., 2002; Gupta et al., 2003) , and barley (Hordeum vulgare L.) (Xiao et al., 1996; Hokanson et al., 1998; Holton et al., 2002; Thiel et al., 2003) . This may be due to two major factors: (i) the finger millet germplasm collection (or at least the accessions analyzed in the present study) represents a broad picture of genetic diversity, and (ii) finger millet has only one center of origin and a recent worldwide dispersal thereby leading to the genetically similar backgrounds (De Wet et al., 1984) . Clustering of accessions from Nepal, namely, IE6165, IE5817, IE6058, IE5870, IE6154, in close proximity of the Indian accessions could be attributed to geographical connection of India and Nepal and likely high gene flow between these two countries. A majority of accessions of Asian origin showed their tendency to cluster together with accessions of African lowland countries, which was observed earlier by Dida et al. (2008) . This fits the hypothesis that finger millet was first domesticated in African highlands, and then it spread to south, where the crop became adapted to the lowlands, and from there it was introduced to India. The grouping of accessions from Indian origin with accessions from other countries may be due to a big exchange of Indian and African germplasm during the early 1970s followed by hybridization and selection leading to allelic reshuffle among the indigenous and exotic germplasm.
An important feature of population structure analysis is that lines can be divided into genetically pure and admixed lines in a given plant population. The combination of population structure and cluster analysis methods provided an effective means of examining the gene flow and history of the germplasm collection (Kwon et al., 2012) . Resolution of population structure based on biological races in finger millet is not appropriate and could lead to inconsistent interpretation regarding the population structure (Bharathi, 2011) . Hence, it was decided to consider the population based on geographical origins, which led to formation of three subpopulations. Most of the genotypes, however, showed admixture ranging from 10 to 55%. Most of these were eastern Africa accessions, which had an admixture of alleles from Subpopulation 2 and Subpopulation 3. In the finger millet improvement program, crosses were made between adapted African and Asian accessions with intention to combine desirable features of both the groups. Lines derived from such crosses are generally referred to as Indaf varieties. Thus, allelic presence across the subpopulations in the present investigation is assumed to be due to recombining and reshuffling of alleles on hybridization of accessions from diverse geographical origin. Evidence of admixture between Indian and African germplasm was found in the Indian accessions probably as a result of intercrossing between Indian and African germplasm, a breeding strategy that was adapted in India in the 1970s (Bharathi, 2011) . The Subpopulations 1 and 2 were relatively close to each other but were fairly distinct from Subpopulation 3. It is possible that these two groups should not be separated but considered as two subpopulations. Chandola (1959) proposed that finger millet originated simultaneously both in Africa and India, the genus Eleusine has several common features such as dominant genes, similar diversity of species, and cytological behavior. The MDS plot shows clear separation of subpopulations, thus confirming the population structure mentioned above. Although most of the SNP carrying genes in finger millet showed similarity to either sorghum, foxtail millet, or rice, >50% of genes were characterized as uncharacterized, hypothetical, and unknown proteins. This is because most of the genes of the model plant, such as rice, and to large extent sorghum and foxtail millet, are still uncharacterized (Kumar et al., 2014) . Therefore, finger millet SNP annotation would greatly improve as and when the genes of these plants get annotated. The functionally annotated SNPs could be used to establish marker-trait association and identify genes and QTLs controlling agriculturally important traits in finger millet.
We have developed a very valuable dataset of several thousand SNPs segregating within each accession of finger millet, and these SNPs clearly classified the worldwide 113 diverse accessions into three subpopulations and also reveal the phylogenetic relationships among the accessions. This data would prove to be a lead for future breeding work in finger millet. Our SNP genotyping will help breeders in selection of parents for new crosses and introgression of novel alleles from exotic germplasm. Genetic maps generated using GBSbased sequencing information then can be used subsequently for identifying loci of interest from different sets of individuals including segregating populations or mutant pools (Deschamps et al., 2012) . Genotyping-bysequencing has been useful in a variety of applications in crop plants including saturating an existing genetic map (Huang et al., 2014) , genome characterization in wheat and barley (Poland et al., 2012a) , genomic selection in wheat (Poland et al., 2012b) , genetic ordering of a draft genome sequence in barley (International Barley Genome Sequencing Consortium, 2012; Poland et al., 2012a) , and the characterization of germplasm diversity in maize (Zea mays L.) and switch grass (Panicum virgatum L.) (Romay et al., 2013; Lu et al., 2013) .
Finger millet, being a nutrient-rich crop for protein, minerals (Fe, Ca, Zn) , and amino acids, is lacking in the diets of millions of poor who live on starchy foods such as cassava (Manihot esculenta Crantz), plantain (Plantago spp.), polished rice, and maize meal. We have developed a useful set of SNPs, and in our future endeavors we are trying to associate these SNPs with high grain Ca and protein in finger millet so as to identify a useful marker linked to high grain Ca and protein content. As the genome of finger millet is not yet deciphered, mapping of QTL linked to high grain Ca would be a difficult task. But one might go for deep resequencing, which would provide a pseudo genome for aligning the sequence reads and will help in increasing the number of SNPs and consequently make QTL mapping an easy task. Thus, it is expected that these high-throughput genotyping and sequencing technologies will help improve the breeding practices and enhance the quality and quantity of these minor crops.
Supplemental Material
Supplemental File S1 (Passport data of 113 accessions of finger millet), Supplemental File S2 (Library preparation details), Supplemental File S3 (Key File of GBS), and Supplemental File S4 and S5 (SNP functional annotation with BLAST and GO analysis) are available online.
